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Sensitivity to spatial and temporal patterns is a fundamental aspect of vision. Herein,
we investigated this sensitivity in adult zebrafish for a wide range of spatial (0.014
to 0.511 cycles/degree [c/d]) and temporal frequencies (0.025 to 6 cycles/s) to better
understand their visual system. Measurements were performed at photopic (1.8 log cd
m−2) and scotopic (−4.5 log cd m−2) light levels to assess the optokinetic response
(OKR). The resulting spatiotemporal contrast sensitivity (CS) functions revealed that the
OKR of zebrafish is tuned to spatial frequency and speed but not to temporal frequencies.
Thereby, optimal test parameters for CS measurements were identified. At photopic light
levels, a spatial frequency of 0.116 ± 0.01 c/d (mean ± SD) and a grating speed of
8.42 ± 2.15 degrees/second (d/s) was ideal; at scotopic light levels, these values were
0.110 ± 0.02 c/d and 5.45 ± 1.31 d/s, respectively. This study allows to better characterize
zebrafish mutants with altered vision and to distinguish between defects of rod and cone
photoreceptors as measurements were performed under different light conditions.
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INTRODUCTION
Contrast sensitivity (CS) reflects the lowest contrast at which an
image can be discriminated from its background (West et al.,
2002). CS is highly susceptible to defects in vision; therefore, a
decrease in CS may be the first measurable functional alteration
of an ocular disease (Owsley, 2003).
Measuring CS at different spatial and temporal frequencies
provides spatiotemporal contrast sensitivity functions (CSFs;
Schade, 1956; Enroth-Cugell and Robson, 1966). Generally,
their curve resembles an inverted U-shape; CS is maximized at
intermediate spatial and temporal frequencies and is reduced
at higher and lower frequencies. This implies that vision is
tuned in space and time (Umino et al., 2008). As temporal
frequency is the result of spatial frequency multiplied by its
speed, vision cannot be tuned to each of these three parameters
simultaneously and remain independent of the other parameters
(Umino et al., 2008). CS changes with light levels (Kelly, 1972;
Hess and Nordby, 1986; Umino et al., 2008). The change
from cone to rod vision may additionally involve a change
in the temporal tuning preference from stimulus speed (at
photopic light levels) to the temporal frequency (at scotopic
light levels), which has been observed in mice (Umino et al.,
2008).
The diurnal zebrafish (Danio rerio) is a popular model in
visual system research, in part due to its relatively large eyes
and cone-rich retina (Fadool and Dowling, 2008). There are a
significant number of disease models involving larval zebrafish
(Del Bene and Wyart, 2012). Furthermore, adult zebrafish
have become increasingly important as a model for retinal
degeneration and regeneration (Brockerhoff and Fadool, 2011;
Tappeiner et al., 2013). Nevertheless, in zebrafish, CS has been
explored only under selected conditions at photopic light levels
(Maaswinkel and Li, 2003; Rinner et al., 2005; Tappeiner et al.,
2012). Therefore, the aim of this work was to study CSFs and
tuning properties of adult zebrafish in detail at both photopic and
scotopic light levels. To determine CS, the optokinetic response
(OKR) was assessed in an established two-alternative, forced-
choice psychophysical procedure (Tappeiner et al., 2012). Because
this method is widely used, our results can be readily compared
to the results of other species (Gaillard et al., 2008; Umino et al.,
2008; Franco et al., 2009).
MATERIALS AND METHODS
ANIMALS
Wild type zebrafish (Danio rerio) of the AB (Oregon) strain
aged 9–12 months were used. The fish were raised under
standard conditions (Westerfield, 1995; Brand et al., 2002) in
water at approximately 26.5◦ Celsius under a 14/10 h light/dark
cycle. The measurements were performed at room temperature
(approximately 20◦ Celsius). Before testing visual function at
low light levels, the fish were dark-adapted for a minimum
of 30 min. To facilitate the placement of the fish in the
examination chamber, the fish were briefly sedated in 0.1%
Tricaine (Sigma-Aldrich, Buchs, Switzerland). The fish were then
irrigated with fresh water and were awake during the subsequent
experiments (Tappeiner et al., 2012). All experimental research
on the animals was approved by the governmental authorities
(Cantonal Veterinary Office, Switzerland) and adhered to the
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Association for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision
Research.
MEASURING CONTRAST SENSITIVITY IN ADULT ZEBRAFISH
CSFs were measured in adult zebrafish using a commercially
available optomotor device originally designed for mice
(OptoMotry®, Cerebral Mechanics, Lethbridge, AB, Canada)
but modified for measuring zebrafish, as previously described
by our group (Tappeiner et al., 2012). In contrast to mice,
in which head and body movements are assessed (commonly
referred to as the optomotor response), the relatively large
eyes of the zebrafish allow for the direct observation of eye
movements and therefore to assess the so-called OKR. The fish
were positioned in an examination chamber, which was designed
to allow a constant flow of fresh water (Tappeiner et al., 2012).
Virtual three-dimensional sine-wave gratings of variable spatial
frequencies and/or speed were presented to adult zebrafish on
four monitors that formed the walls of a cuboidal chamber
(length × width × height = 39 × 39 × 32.5 cm). The eye
movements were recorded with a Sony DCR-HC26 Handycam
and analyzed on a live video monitor by the same observer for
all experiments. Using the staircase strategy of the OptoMotry®
device (OptoMotry® version 1.7.0), the contrast of the grating
was decreased until the animal no longer responded. The contrast
was then changed several times to identify the threshold. A correct
response was defined as three or more consecutive saccades in
the correct direction. Gratings below the CS of the zebrafish
resulted in random eye movements similar to the random eye
movement pattern observed with stationary gratings (Tappeiner
et al., 2012). To allow a certain comparison to CSFs in other
species, we applied the same parameters that Umino et al. used
for mice (Umino et al., 2008). First, to investigate the dependency
of the CS on the luminance level, CSFs were measured at an
8-log unit rang of luminance between 1.8 log cd m−2 (70 cd
m−2) and −6.3 log cd m−2. The light levels were attenuated
with cylindrical neutral density filters (R211 0.9ND, LEE Filters,
Hampshire, UK) that encircled the examination chamber of
the zebrafish from the bottom to the top of the optomotor
device. These measurements were performed at a constant
temporal frequency of 1.5 cycles/second (c/s) for different spatial
frequencies ranging from 0.014 to 0.511 cycles/degree (c/d). To
further characterize CSFs at scotopic and photopic light levels, CS
was evaluated at spatial frequencies ranging from 0.014 to 0.511
cycles/degree (c/d)—namely 0.014, 0.031, 0.064, 0.128, 0.236,
0.383, and 0.511 c/d—and at speeds of rotation ranging from 0.4
to 24 degrees/second (d/s)—namely, 0.4, 0.75, 1.5, 3, 6, 12, and
24 d/s. These parameters corresponded to temporal frequencies
ranging from 0.025 to 6 c/s—namely, 0.025, 0.05, 0.1, 0.2, 0.4,
0.75, 1.5, 3, and 6 c/s. These measurements were performed at
luminance levels of 1.8 log cd m−2 and −4.5 log cd m−2. The
same six zebrafish were used throughout the study and for each
set of parameters.
STATISTICS AND ANALYSIS
As we observed the typical inverted U-shape of the CSFs in our
study, we evaluated CS with the linear systems theory of Watson
(De Valois and De Valois, 1980; Watson, 1986). This proved
also useful to analyze CSFs of mice with the OptoMotry® setup
(Umino et al., 2008). Umino et al. have derived the following
equation to represent the overall CSF (G) (Umino et al., 2008).
It models visual information processing with a series of spatio-
temporal filters having bandpass and/or low-pass characteristics:
G
(
fs, ft , sp
) = kft(
1+
(
fs
fso
)2)2 (
1+
(
ft
fto
)2)(
1+
(
sp
spo
)2) (1)
where k is a scaling factor, and ft is the temporal frequency of the
stimulus. Gfs, Gft , and Gsp are low-pass filter functions relating
CS to spatial frequency (fs, cycles per degree), temporal frequency
(ft , cycles per second), and grating speed (sp, degrees per second).
To further improve the fitting of our results and to account for the
fact that CSFs do not necessarily level at a CS of 1 in all setups, an
additional parameter (b) was added:
G
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Curve fitting for Figures 2, 3 was accomplished with the
above equation (2) using GraphPad Prism software (version
5.0f; GraphPad Software, Inc., La Jolla, CA, USA), including
automated fitting of unknown parameters in the equation (b, k,
fso, fto, spo) for each individual curve automatically (nonlinear
regression, robust fit, automated determination of parameters for
a best-fit curve).
The maxima of the fitted curves correspond to the best CS.
The corresponding value of the abscissa directly represents ideal
settings to measure visual functions (data of Figures 2A,B, 3A,B)
and were used to draw Figure 4 (data of Figures 2B,C, 3B,C).
Means ± standard deviation (SD) were calculated using the ideal
settings of the individual curves. The fitted curves also served to
draw the contour plots (Figure 5). Six zebrafish were used for each
set of parameters.
RESULTS
CONTRAST SENSITIVITY AT DIFFERENT LUMINANCE LEVELS
An OKR was not observed at the lowest light intensity (−6.3 log
cd m−2, Figure 1). Starting at −5.4 log cd m−2, increasing
CS was observed for increasing luminance at all tested spatial
frequencies (Figure 1). At photopic light levels, a maximal CS of
140.8 ± 52.5 (mean ± SD) was observed at a spatial frequency
of 0.128 c/d and a grating speed of 6 d/s, which corresponded
to a temporal frequency of 0.75 c/s (Figure 2). In contrast, at
scotopic light levels, a maximal CS of 3.44 ± 0.58 was observed
at a spatial frequency of 0.064 c/d and a grating speed of 3
d/s, which corresponded to a temporal frequency of 0.2 c/s
(Figure 3).
Equation 2 proved very useful to analyze the CSFs
(Figures 2A,B, 3A,B) and the fitted curves allowed to calculate
a general best spatial frequency and speed: At photopic light
levels, a spatial frequency of 0.116 ± 0.01 c/d (mean ± SD)
and a grating speed of 8.42 ± 2.15 d/s was determined; at
scotopic light levels, these values were 0.110 ± 0.02 c/d and
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FIGURE 1 | Contrast sensitivities (sigmoidal curve fitting) of adult
zebrafish (n = 6 animals) at different light intensities at a constant
temporal frequency of 1.5 cycles/second (c/s). An optokinetic response
(OKR) was not observed at the lowest light intensity tested (−6.3 log cd
m−2). Above his light level, increasing contrast sensitivity (CS) was
observed for increasing luminance at all tested spatial frequencies. Error
bars indicate the standard deviation.
5.45 ± 1.31 d/s, respectively. Interestingly, the general optimal
spatial frequency is similar at photopic and scotopic light
levels. However, at scotopic light levels, the highest CS is
obtained with lower spatial frequencies (0.082 and 0.084 c/d
at a speed of 3 or 6 d/s respectively, Figure 3A). This is also
reflected by the fact that the single best CS is achieved with a
spatial frequency of 0.064 c/d. As the maxima of the temporal
frequency change with increasing spatial frequency (Figures 2C,
3C), it is not possible to calculate a general best temporal
frequency (i.e., zebrafish vision is not tuned to temporal
frequency).
SPATIOTEMPORAL CONTRAST SENSITIVITY FUNCTIONS OF ADULT
ZEBRAFISH
CSFs were measured over a wide range of speed, spatial and
temporal frequencies at photopic and scotopic light levels. The
results are summarized in Figure 2 (photopic conditions, 1.8 log
cd m−2, n = 6 animals for all conditions) and Figure 3
(scotopic conditions, −4.5 log cd m−2, n = 6 animals for all
conditions).
TUNING OF THE ADULT ZEBRAFISH PHOTOPIC AND SCOTOPIC VISION
The maxima of the CSFs are at a very similar spatial frequency
(Figures 2A, 3A). This clearly indicates tuning for spatial
frequency with a maximum at 0.116 ± 0.01 c/d (mean ± SD)
at photopic light levels and 0.110 ± 0.02 c/d at scotopic light
levels. Furthermore, CSFs are tuned to speed at both bright
and dim light levels (Figures 2B, 3B), as indicated by the
constant peaks in the CS at a grating speed of 8.42 ± 2.15 d/s
(mean ± SD) at photopic and 5.45 ± 1.31 d/s at scotopic light
levels; regardless of the tested spatial frequency. In contrast, CSFs
migrate along the abscissa when plotted against the temporal
frequency at bright and dim light levels (Figures 2C, 3C).
A similar pattern has been observed by Rinner et al. for
larval zebrafish (tested at photopic conditions) (Rinner et al.,
2005). This result implies the absence of temporal frequency
tuning. To better illustrate the tuning to speed or temporal
frequency, the speed/temporal frequency that elicited maximal
CS was plotted for the tested spatial frequencies (this basically
represents the maxima of the fitted curves of Figures 2A,B,
3A,B). As zebrafish vision is not tuned to temporal frequency,
the temporal frequency that elicits maximal CS increases with
increasing spatial frequency (Figure 4A). In contrast, the speed
that induces maximum CS is fairly constant both at photopic
FIGURE 2 | Spatiotemporal contrast sensitivity functions
(CSFs) of adult zebrafish at a constant photopic light level
(1.8 log cd m−2, n = 6 animals). (A) CSFs of varying speed
measured at spatial frequencies ranging from 0.014 to 0.511
cycles/degree (c/d). (B) CSFs measured at speed levels ranging
from 0.4 to 24 degrees/second (d/s). (C) CSFs measured at
temporal frequencies ranging from 0.025 to 6 cycles/second (c/s).
Error bars indicate the standard deviation.
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FIGURE 3 | Spatiotemporal contrast sensitivity functions (CSFs) of
adult zebrafish at a constant scotopic light level (−4.5 log cd m−2, n =
6 animals). (A) CSFs of varying speed measured at spatial frequencies
ranging from 0.014 to 0.511 c/d. (B) CSFs measured at speed levels ranging
from 0.4 to 24 d/s. (C) CSFs measured at temporal frequencies ranging
from 0.025 to 6 cycles/second (c/s). Error bars indicate the standard
deviation.
and scotopic light levels, as would be expected for speed tuning
(Figure 4B).
In Figure 5, the contour plots underlay the above-mentioned
CSFs: at bright light levels, strong tuning to spatial frequencies
(Figures 5A,B) and, to some degree, to speed (Figure 5B) is
observed; however, temporal frequencies tuning is not observed
(Figure 5A). At scotopic light levels, the tuning to spatial
frequencies is weaker (Figures 5C,D). Again, we did not observe
temporal frequencies tuning (Figure 5C), but tuning to speed was
clear (Figure 5D).
DISCUSSION
The sensitivity to spatial and temporal patterns is a fundamental
aspect of the visual system (Wandell, 1995). Here, we explore
this sensitivity by presenting a wide range of spatiotemporal
CSFs to adult zebrafish, a model organism with growing
importance in visual science. Measurements were performed at
photopic and scotopic light levels. To our knowledge, this is
the first description of such measurements at low light levels
in zebrafish. We employed the same OptoMotry® setup that
was used by Umino et al. to establish these measurements
in mice (Umino et al., 2008). This arrangement allows for
the comparison of CSFs and visual tuning between mice and
zebrafish.
In mammals and humans, CS increases with brighter light
levels (da Silva Souza et al., 2011). This increase of the CS (and
plateau at brighter light levels) was also observed in our study
(Figure 1). With our setup measurements above a luminance
of 1.8 log cd m−2 are not possible. However, studies in larval
zebrafish suggest a stable CS above a luminance of 0.47 log cd m−2
(Rinner et al., 2005).
Interestingly, CS at scotopic light levels is similar in mice
and zebrafish, with mice reaching a slightly higher CS of 5.3 at
−4.5 log cd m−2 (Umino et al., 2008) than zebrafish. Humans
have a considerably higher maximal CS of 80 at dim light levels
(Hess and Nordby, 1986). At photopic levels, zebrafish and
humans have a much higher CS than mice (Hess and Nordby,
1986; Umino et al., 2008). One reason for this difference may
be that mice, as nocturnal animals, have a rod dominant retina
with a rod-cone ratio of 97:3 in the central and peripheral retina
(Carterdawson and Lavail, 1979). On the other hand, zebrafish,
as a diurnal species, are functionally cone dominant (rod-cone
ratio of approximately 65:35; data not shown) (Branchek, 1984;
Bilotta and Saszik, 2001). Human retinas contain more rods
than cones (rod-cone ratio 95:5), which is similar to mice;
however, the fovea, as the central area, is primarily populated
by cones (Wikler and Rakic, 1990). Compared with rods, cones
are less sensitive to light but work best and most rapidly
under photopic conditions due to their rapid receptor recovery
following exposure to bright light (Wang and Kefalov, 2011).
Accordingly, Lundh et al. (1983) showed that the density of cone
photoreceptors is responsible for the high CS of humans under
photopic conditions. Therefore, humans share the abilities of
night vision with mice and other nocturnal animals but their
vision in bright light is much better than the one of mice and even
of zebrafish.
CS is highest for intermediate spatial and temporal
frequencies/speeds (da Silva Souza et al., 2011), i.e., vision
is tuned in space and time. This tuning results in a characteristic
inverted U-shape form of the CSFs. Although this bandpass
profile is observed in all species at photopic light levels (da
Silva Souza et al., 2011), conflicting results exist regarding
spatial CS at scotopic light levels. Some authors describe a
low-pass function (Derefeldt et al., 1979; Bilotta and Powers,
1991; Benedek et al., 2003; Umino et al., 2008; Northmore,
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FIGURE 4 | (A) Temporal frequency eliciting maximal CS as a function of
spatial frequency. To elicit maximum CS, an increasing temporal frequency is
necessary at higher spatial frequencies. This result indicates the absence
temporal frequency tuning. (B) The speed of the rotating grating eliciting
maximal CS as a function of spatial frequency. Maximum CS was triggered by
a similar speed for a broad range of different spatial frequencies indicating
tuning for speed at photopic and scotopic luminance levels. Straight lines
were calculated by logarithmic nonlinear fitting.
2010) whereas other studies claim that a bandpass profile
is retained at scotopic light levels (Hess and Nordby, 1986).
The change from bandpass to low-pass behavior may be
caused by spatial and temporal summation of photons,
which acts to increase sensitivity in dim light (van Hateren,
1992, 1993; Warrant, 1999). Warrant developed a model
to show that this low-pass shape as spatial and temporal
summations is extremely useful for night vision but that
their contributions depend a great deal on the design of
the eye and the lifestyle of the nocturnal animal (Warrant,
1999). Nocturnal insects, for example, have superposed eyes,
improving photon capture but leading to a loss of spatial
resolution. The change from bandpass to low-pass shape does
not seem to take place in adult zebrafish, as their CSFs showed
bandpass characteristics at both high and low light levels
(Figures 2, 3).
We observed the highest CS at intermediate spatial frequencies
of 0.116 c/d at photopic light levels and 0.11 c/d at scotopic
light levels. This preferred spatial frequency is similar to that
observed in mice (Umino et al., 2008). In contrast, the preferred
spatial frequency of the human visual system is considerably
higher (approximately 2–6 c/d under photopic conditions)
(Hess and Nordby, 1986; da Silva Souza et al., 2011). The
reason for these differences in the preferred spatial frequency
is still unclear. Theoretically, the mechanisms underlying spatial
tuning may originate in the retina and/or in higher levels
of the visual system (Umino et al., 2008). Da Silva Souza
et al. noted that some features of CSF, such as the band-
pass shape, are shared by all species, whereas other features
vary among species (da Silva Souza et al., 2011). These
variations depend on different morphological organizations (eye
optics, photoreceptor distribution in retina, density of retinal
neurons, post-receptoral procession) and result in different CS
peaks, optimal spatial frequencies and visual acuities (Hughes,
1977; Jacobs et al., 1982). One intriguing explanation for the
difference in preferred spatial frequency of humans and small
animals is the difference in the size of the eye (Fite and
Rosenfieldwessels, 1975; Hughes, 1977). For geometric reasons,
a larger eye leads to a larger retinal image, resulting in better
visual acuity if photoreceptor spacing is comparable (Haug
et al., 2010; da Silva Souza et al., 2011; Tappeiner et al.,
2012). Accordingly, if the size of the receptive fields in the
retina remains constant, a larger eye also directs a higher
preferred spatial frequency. This correlation would imply that
the preferred spatial frequency is defined by the size of the
eye and the receptive fields—which may, to a certain degree,
be adapted to the needs of the animal—and not by higher-
level visual system functions. Likewise, the tendency towards
tuning to lower spatial frequencies at lower light levels, as
observed in some studies (Ransomhogg and Spillmann, 1980;
Umino et al., 2008), could be explained by the increasing central
diameter of receptive fields at low light levels (Ransomhogg
and Spillmann, 1980). This increase has been attributed to
a decrease in lateral inhibition (Spillmann, 2006). In our
study we did not observe a clear shift towards lower spatial
frequencies at scotopic light levels- however, the best CS were
obtained with lower spatial frequencies at scotopic light levels
(Figure 3A).
In addition to spatial tuning, vision is also temporally tuned.
Generally, vision can not be tuned to temporal frequency and
speed at the same time under a specific test condition (e.g., one
luminance level) given that temporal frequency is the result of
spatial frequency multiplied by its speed. In mice, the tuning
preference changes from speed to temporal frequency after the
transition from cone to rod vision (Umino et al., 2008). We did
not observe this shift in adult zebrafish; rather, vision in zebrafish
revealed to be tuned to speed at bright as well as dim light
levels. It is unclear why the tuning preference changes in one
species but not the other. The measurements were performed at
the same light levels, and the transition from cone to rod vision
occurs at a similar light level in zebrafish, mice, and humans
(Ren et al., 2002). One difference in the study design was that
the optomotor response (OMR) was analyzed in mice, whereas
in zebrafish, the OKR was analyzed, which may depend more
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FIGURE 5 | Contour plots depicting tuning properties of adult
zebrafish (n = 6 animals). (A) At photopic light levels, strong tuning to
spatial frequencies, but no temporal frequencies tuning was observed.
(B) In addition to tuning to spatial frequencies, some tuning to speed is
observed at photopic light levels. (C) At scotopic light levels, the tuning to
spatial frequencies was weaker. Again, there was no temporal frequencies
tuning. (D) However, clear tuning to speed was observed at scotopic light
levels.
on speed than the OMR. Alternatively, speed is perhaps more
important to zebrafish than to mice. E.g., recognizing speed is
important for prey capture (Ewert et al., 2001); and zebrafish live
in a faster-moving habitat (water), which makes stabilization to
the surroundings more difficult. Another possibility is that the
nocturnal mice have a more specialized night vision. To the best
of our knowledge, no data about this change in tuning preference
in humans is available. However, there is some evidence that
no such shift occurs in primates given that motion-sensitive
neurons in the primary visual cortex do not change their
firing properties with changing light levels (Duffy and Hubel,
2007).
The obtained CSFs in this study allow for the identification of
ideal test parameters for visual acuity and CS tests. Specifically,
a spatial frequency of 0.116 c/d and a grating speed of
8.42 d/s are optimal for photopic light levels, whereas a
spatial frequency of 0.110 c/d and a grating speed of 5.45
d/s are optimal for scotopic light levels. Measurements at
low light levels enable the differentiation of defects in rod
and cone photoreceptors. In conclusion, this study increases
our understanding of basic aspects of the zebrafish visual
system, in part by describing the tuning of zebrafish vision.
Furthermore, these results lay the basis for optimal testing
of adult zebrafish visual acuity and CS and may allow for
improved characterization and identification of mutants with
altered vision.
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